ABSTRACT: Experimental enclosures were used to follow responses of the plankton~c microbial food web to varying short-tern~ (5 d) perturbations induced by adding inorganic nutrients ( N and P) and a top predator (fish) during a 21 d period in late summer, on the coastal area of the Baltic Sea. Biomass, production, growth and grazing of pico-and nanoplankton assemblages were estimated, and a carbon budget for the microbial loop during the experiment was constructed. The microbial food web was a highly dynamic system. Varying perturbations due to nutrient loading and the top predator provoked eutrophication in the enclosures, but they affected the microbial loop only slightly. The amplitudes of oscillation in abundance of coupled communities were amplified, but the frequencies of oscillations in the microbial loop were not affected by the perturbations. Changes in the route of carbon flow through the microbial food web occurred In relatively short time scales. These changes seemed to be dependent on the phasing of the coupled oscillations between the communities, and the structure within the different communities. Ciliates were only loosely connected to the microbial loop: although ciliates and heterotrophic nanoflagellates (HNF) showed predator-prey-like coupled oscillations, the ciliates gained most of their carbon from other sources, and most of the HNF carbon loss was due to factors other than ciliates. HNF were the most important consumers of picoplankton during the HNF maximum, but they were also dependent on other sources of nutrition.
INTRODUCTION
The microbial food web is presently recognised as one of the basic elements of the pelagic ecosystem in both marine and freshwater environments (Pomeroy 1974 , Azam et al. 1983 . Carbon is transformed into particulate organic form either by heterotrophic bacteria, by autotrophic picoplanktonic cyanobacteria, or by pico-sized eukaryotic algae, and channelled through the microbial food web towards the grazing food web.
Grazing by heterotrophic nanoflagellates is considered the principal loss process for picoplankton in most aquatic habitats (Fenchel 1982b , Rassoulzadegan & Sheldon 1986 , Wikner & Hagstrom 1988 , Bloem et al. 1989 , Weisse 1990 , Caron et al. 1991 , Kuosa 1991b , Sanders et al. 1992 ). In addition, grazing by mixotrophic algae (Bird & Kalff 1987 , Sanders & Porter 1988 , S~lndergaard et al. 1988 , Bennett et al. 1990 ), heterotrophic ciliates (Gast 1985 , Rivier et al. 1985 , Albright et al. 1987 , Sherr & Sherr 1987 , Sherr et al. 1989 , and larger zooplankton -in fresh waters especially cladocerans (Geertz-Hansen et al. 1987 , Christoffersen et al. 1990 , Wylie & Currie 1991 , Jeppesen et al. 1992 , Vague & Pace 1992 ) -has also been regarded as potential loss process for picoplankton.
The spatio-temporal dynamic structure of the planktonic food web dictates the importance of different organisms as grazers of picoplankton, and thus also the fate of primary and secondary picoplankton produc-tion (Sanders et al. 1989 , Bennett et al. 1990 based on measurements from the enclosures during fersen et , Pace et al. 1990 , Vague & Pace 1992 . the experiment. These measurements were used to The efficiency with which matter is transferred to outline carbon flow through the microbial community higher trophic levels depends on the number of predain the enclosures. tor-prey interactions within the food chain and the assimilation efficiency of organisms (Ducklow et al. 1986 , Pomeroy & Wiebe 1988 . In a long food chain MATERIAL AND METHODS involving many predator-prey steps, for example within the nanoflagellate assemblage (Wikner & Study area. The study site was located in the coastal Hagstrom 1988), this transfer is inefficient as a great area off the Tvarrninne Zoological Station at the deal of the carbon is respired.
entrance to the Gulf of Finland in the Baltic Sea. Depth Bacteria and heterotrophic nanoflagellates, as well at the sampling site is ca 15 m and salinity 5 to 6%0. as nanoflagellates and ciliates, exhibit predator-prey Occasional upwellings of cold nutrient-rich water, and oscillations both in natural environments and under outflows of less saline water from the Pojo Bay, are experimental conditions (Andersen & Sarensen 1986 , characteristic for the area. A detailed description of the Rassoulzadegan & Sheldon 1986, Lucas et al. 1987, area is presented in Niemi (1975) . At the beginning of Bjlarnsen et al. 1988 ). This implies their close associathe experiment, salinity of the water was 6% and inortion within the food web and a regulation of the organganic nitrogen and phosphorus were depleted from isms that fluctuates between bottom-'up (nutrient or the water column. Freshwater species were found in food supply) and top-down (predator effect) (Wright both the phytoplankton and zooplankton communities 1988) control.
(e.g. Cyclotella spp., Diatomophyceae; Closterium acuIn order to examine the dynamics and the controlling tus, Chlorophyceae; Coelastrum spp., Chlorophyceae; factors of pelagic ecosystems, several studies of the Daphnia pulex, Cladocera). pelagial community have been conducted using experExperimental design. The experiment was carried imental enclosures. These experiments included out between 23 July and 12 August 1988. Five plastic manipulation of the community by excluding predaenclosures (vol. ca 30 m3, diam. 2.15 m, depth 8 m), tors, by introducing predators (top-down control), or by which were closed at the bottom, were filled with adding inorganic substrates or bacterial substrates to brackish water (salinity 6%) by raising them from a the system (bottom-up control) (e.g. Bjarnsen et al. depth of 15 m to the floating collar where they were 1988, Christoffersen et al. 1990 , Riemann et al. 1990 mounted. The enclosures were manipulated through , Kivi et al. 1993 .
additions of inorganic nitrogen and phosphate, and In the present study, on the coast of the Baltic Sea, first-year stickleback Gasterosteus aculeatus fry. The we used enclosures to follow the development and fate experimental design is presented in Table 1 . Daily of phytoplankton blooms as well as the response of the additions of inorganic nutrients (PO4-P: 4 mg m-3 d-'; planktonic food web to varying short-term (5 d) pertur-NH,-N: 16 mg m-3 d-l) were distributed evenly to the bations. These perturbations were in the form of inorwater column after sampling, beginning on Day 1, ganic nutrient additions ( N and P) and the inclusion of using a plastic tube. The stickleback fry (90 ind. encloa top predator (fish) during a 21 d period in late sumsure-') were added to Enclosures 3 and 4 during Day 0 mer. Kivi et al. (1993) have shown that such short-term (the first experimental day). After sampling on Day 10, manipulations are of sufficient duration for the plankthe fish were removed from these units by drawing a tonic community to respond to the nutrient and predaround, 1 mm mesh net twice through the mesocosms, tor additions. The manipulations during the experiment were chosen in order to affect the structure and functioning of the pelagic community both from 'above' (to achieve cascading effects of a top predator) and 'below' (to achieve cascading effects of increased nutrient availability). Consequently, several interconnected analyses of different trophic compartments of the food web were pursued within the experiment. This paper concentrates on the dynamics of the microbial food web in the enclosures. All estimates of biomass, bacterial production (including the thymidine incorporation conversion factor), growth rates of cyanobacteria and nanoflagellates, and grazing on both heterotrophic and autotrophic picoplankton were As an additional, non-controllable variable, water temperature was found to fluctuate between 11.2 and 21.5OC during the experiment (Fig. 1) . A drastic temperature drop occurred between Days 6 and 7 as the consequence of an upwelling.
Sampling. Water samples were taken in the morning between 7:00 and 8:00 h with a Ruttner-type sampler. Subsamples for cell counts and bacterial production measurements were taken from an integrated 0, 1, 2, 3, 4 and 5 m sample. Primary production, bacterial production, and the numbers of bacteria and picoplanktonic cyanobacteria were measured daily. Cell numbers of picoplanktonic photosynthetic eukaryotes, nanoflagellates and ciliates were measured from Day 0 onwards at 2 to 3 d intervals. To study the vertical distribution of the organisms, and of bacterial production, samples from 0, 1, 2, 3, 4 and 5 m depth were taken on Days 0, 5, 10, 15 and 20 from Enclosure 1.
Chlorophyll a (chl a), bacterial production and biomass were also measured outside the enclosures so as to compare the control enclosure (5) to the succession in the sea.
Chlorophyll a and biomass determinations. Duplicate 50 m1 water samples were filtered onto a Whatman GF/F filter for chl a measurements. Chl a was then extracted with 94 % ethanol for 24 h in darkness, at room temperature, and measured with a SequoiaTurner 450 fluorometer (calibrated with pure chl a; Sigma Chem. Co., St. Louis, MO, USA).
All organisms, except ciliates, were counted with a Leitz Dialux microscope equipped with epifluorescence light (50 W HBO mercury lamp) and with a l00 X oil immersion objective.
Samples for estimating biomass of bacteria (BACT) were fixed with unbuffered formalin (final conc. 2 %). A 2 m1 subsample was filtered onto black 0.2 pm Nuclepore filters and stained with acridine orange (Hobbie et al. 1977) . A total of several hundred bacterial cells was counted from 20 fields under blue excitation (filter block I 2/3). Bacterial cell numbers were converted to carbon using a coefficient of 0.041 pm3 cell-' for volume (Kuuppo-Leinikki 1990) and 0.35 pg C pm-3 for carbon (Bjarnsen 1986) .
Subsamples for counting both photosynthetic (PNF) and heterotrophic (HNF) nanoflagellates as well as picoplanktonic cyanobacteria (PCYA) and eukaryotes (PEUC) were fixed with unbuffered glutaraldehyde (final conc. 1 %). Slides for microscopy were prepared by filtering a 5 m1 subsample onto a black 0.2 pm Nuclepore filter (vacuum < 3 kPa). The nanoflagellates were stained with proflavine (Haas 1982 , Kuosa 1988a , and counted under blue excitation (filter block I 2/3). As a rule, nanoflagellates were counted from 100 (in some cases 50) fields, which yielded from 40 to 260 HNF cells and from 50 to 640 PNF cells. The PNF were distinguished from HNF by the red autofluorescence of chl a. The nanoflagellates were counted from duplicate filters. The lower value of the duplicates was on average 85 % of the higher value (CV 12.5 %). HNF were converted to carbon using a conversion factor of 25.9, 17.0, 23.6 and 39.2 pm3 cell-' for volume, during Periods I to IV respectively (Kuuppo-Leinikki 1990), and a factor of 0.22 pg C pm-3 for carbon (Bsrsheim & Bratbak 1987) . The volume estimate for PNF was obtained from the average volume of the 6 most cornmon nanoflagellate genera (6.64 to 56.46 pm3, estimated from samples preserved with Lugol's iodine solution). The carbon conversion factor used was 11 % of the PNF volume, in accordance with Edler et al. (1979) . PEUC where identified by their red autofluorescence under blue light. PCYA were counted from the same fields and distinguished by the orange autofluorescence of phycoerythrin under green excitation (filter block M2). At least 200 cells were counted from every sample. The volume and carbon conversion factors used for PCYA were, respectively, 0.38 pm3 cell-' (Kuosa 198813) and 0.22 pg C pm-3 (Li 1986) , and for PEUC 2.0 pm3 cell-' (Kuosa 198813) and 0.22 pg C pm-3 (Li 1986) .
Ciliates were preserved with Lugol's iodine solution and counted using the Utermohl technique using an inverted microscope. Their carbon content was calculated as 11% of their mean wet weight, according to the standards of the Baltic Marine Biologists (Edler 1979) .
Primary and bacterial production. Primary production (apparent net) was measured from 14C uptake (Steemann-Nielsen 1952) according to the procedure described in Lignell & Lindqvist (1992) .
Bacterial cell production (BPROD) was estimated from the incorporation of 3H-thymidine into cold TCA precipitate (Fuhrman & Azam 1980) . Duplicate subsamples of 10 m1 and a formalin-killed adsorption control (final conc. 0.5 O/o formalin) were incubated in situ with 10 nM of [methy13H]-thymidine (40 to 42 Ci rnrnol-l; Radiochemical Centre, Amersham, Buckinghamshire, UK) for 30 min. The incubation was terminated by adding formalin (final conc. 0.5 %). The samples were extracted in TCA under ice-cold conditions, and the cold-TCAinsoluble material was collected onto cellulose acetate filters (Sartorius, pore size 0.2 pm). Radioactivity on the filters was assayed with a n LKB-Wallac 1219 RackBeta liquid scintillation counter, using PCS (Amersham) as the scintillation cocktail.
A factor for converting thyrnidine incorporation to bacterial cell production (2.64 X 1018 cells mol-') was determined during the experiment in Enclosure 1 (Autio 1992) .
Non-parametric analysis (Spearman rank correlation) was used to study the correlation of chl a, PNF, PEUC and PCYA in the enclosures. Only the sampling dates when ali variables were measured were included in the analysis.
Carbon budget. A carbon budget was established for Enclosure 1 as follows:
Production: Bacterial production was measured from the thymidine incorporation rate as described above. The production of HNF and PCYA in the enclosures was estimated from their growth constants (p; based on logz) in c 1 pm and c 5 pm filtered batch cultures, at in situ temperatures during the experiment (a detailed description of the fractionation technique is given in Kuuppo-Leinikki 1990 and Kuosa 1991a):
Cell production (ml-' h-') = Ni pIt where N, = microscopically observed cell number at time T,; and t = time between successive samplings ( h ) .
The growth constants (p) varied between 0.03 and 0.60 d-' for PCYA and from 0.04 to 1.44 d-' for HNF (Kuosa 1991a) .
Losses: Total losses of HNF, PCYA and BACT were calculated from the differences between observed and estimated (based on cell production) increases in cell numbers between successive samplings. Protozoan grazing on BACT, PCYA and HNF was measured in Enclosure 1 using the size fractionation technique (Kuuppo-Leinikki 1990 , Kuosa 1991b ). The clearance rates used in the carbon budget are presented in Table 2 .
An estimate of ciliate (CIL) grazing on BACT in the carbon budget was calculated as: (Grazing in the < 100 pm fraction) -(Grazing in the < 5 pm fraction) aKuuppo-Leinikki (1990); "Kuosa (1991) The CIL grazing estimate also includes the potential impact of heterotrophic dinoflagellates. As cell numbers and size distribution of HNF were not significantly different between the c 5 pm and < 100 pm size fractions during Periods I and 111 in the grazing experiments (Kuuppo-Leinikki 1990), grazing rates in the < 5 pm size fraction were considered to represent HNF grazing and the difference between the 2 fractions was considered to represent CIL grazing. The carbon production and loss rates were integrated over each 5 d manipulation period.
RESULTS

Vertical distribution of the parameters
PCYA, HNF and BPROD were evenly distributed throughout the water column in the enclosures (Fig. 2) . The variations (CV, %) of cell counts within the vertical profiles were on average 1.9, 2.7, 6.3, 10.3 and 18.5 for PCYA, BPROD, HNF, BACT and PNF, respectively. There were no distinct peaks in the distribution of the organisms, and we used the integrated sample as representative of the enclosures in the experiment.
Chl a and PNF
Phytoplankton biomass (chl a) increased due to the addition of inorganic nutrients (Fig. 3) . The sequence of manipulations caused different chl a successions in the enclosures. In Enclosures 2 and 4 , where nutrients were added at the beginning of the experiment, the initial increase in phytoplankton biomass was immediate. The chl a peak did not occur until Period 111 in Enclosure 2, while in Enclosure 4 , with the stickleback (Table l ) , the chl a maximum already appeared after Period I. In Enclosures 2 and 4 chl a concentrations (Table l ) , showed a Table 1 ). In the control unit (Enclosure 5) and outside biomass increase on Day 7 followed by a chlorophyll the enclosures (Fig. 3) , a similar chl a succession was Time (days) Fig. 3 . Succession of chl a (pg I-'), photosynthetic nanoflagellates (PNF, cells X 103 ml-l), picoplanktonic eukaryotes (PEUC, cells X 103 ml-l), plcoplanktonic cyanobacteria (PCYA, cells X 105 ml-l), bacterial production (BPROD, cells X 104 ml-'), bacterial numbers (BACT, cells x 10"l-l), heterotrophic nanoflagellates (HNF, cells X 103 ml-l), and ciliates (CIL, cells X 103 1-l), in the enclosures during the mesocosm experiment observed although concentrations remained at a low level. The succession of PNF followed that of chl a ( Fig. 3 ; Spearman rank correlation 0.7871, p 0.01, n = 40).
Cell numbers of PNF in all enclosures fluctuated between 1.1 and 47.9 X 103 cells ml-l. with the maximum in Enclosure 2 during Period 111. Throughout the experiment PNF numbers were low in the control unit.
Photosynthetic picoplankton PEUC cell numbers fluctuated between 1.8 and 7.9 X 103 cells ml-' (Fig. 3 ) in all enclosures, and showed a concurrent development with chl a and PNF ( Fig. 3 ; Spearman rank correlation 0.5479, p < 0.01, n = 40, and 0.4301, p < 0.01, n = 40, respectively). The numbers of PCYA varied from 4.7 to 81.4 X TO4 cells ml-' (Fig. 3) . The development of PCYA in the control unit was comparable to that in the manipulated enclosures. The PCYA peak in Enclosure 4, at the end of the experiment, was accompanied b y a peak in PEUC. There was no significant correlation between PCYA and the other photosynthetic organisms (Spearman rank correlations with chl a, PNF and PEUC were -0.1 173 (ns), -0.1051 (ns), and 0.0026 (ns) respectively; for all variables n = 40).
The average production rate of PCYA, calculated using their growth constant in < 1 pm fraction in the enclosures, was 2.3 X 103 cells ml-' h-'. Bacteria BPROD oscillated with the same frequency in all manipulated enclosures (Fig. 3) , varying between 2.7 and 44.3 X 104 cells ml-' h-'. The first peak was observed on Days 4 to 6, and the second peak on Days 15 to l ? . The height of the peaks was different, being more pronounced in the manipulated enclosures than in the control. Bacterial cell numbers (BACT) followed BPROD with a lag of 1 to 2 d. BACT fluctuated between 3.7 and 16.2 X 106 cells ml-l. BPROD and BACT In the control unit closely resembled those outside the enclosures (Fig. 3) .
Heterotrophic nanoflagellates and ciliates
During this experiment, Verrs (1992) found 31 to 44 taxa of nano-sized heterotrophic protists (flagellates and amoebae) in the enclosures. The dominant flagellate groups were bodonids, bicosoecids, chrysophytes and ungrouped flagellates ('incertae sedis'). The highest number of taxa was found in Enclosure 4, where the highest flagellate cell number was also observed. The abundance of HNF in the enclosures ranged from 1.0 to 12.3 X 103 ml-' (Fig. 3) . The same successional pattern of HNF was observed in all enclosures including the control, irrespective of manipulations, with only the height of the peak being different.
The periodicity in the coupled oscillations of HNF and BPROD was 4 to 5 d in all enclosures. In Enclosure 4 where the highest peak of BPROD was detected, the highest peak of HNF was also found (Fig. 3) , clearly implying the close interaction between these 2 groups. Coupled oscillations were less apparent between the cell numbers of prey and HNF (HNF and BACT, HNF and PCYA) (Fig. 3) . Average cell production of HNF in the enclosures, based on their specific growth rates in 1 5 pm filtrate, was 1.4 X 102 cells ml-' h-'.
The total number of CIL ranged from 0.43 to 12.4 X 104 cells 1-' (Fig. 3) . The maximum value was found in Enclosure 4. The initial peak, which was found in all enclosures including the control, consisted of small Urotrichia, Strobilidium, Strornbidium, Mesodinium and Lohmanniella species. Cuiing the second, minor peak, large ciliates such as Holophrya, Lohmanniella spiralis, Didinium and Leprotintinnus bottnicus had become more numerous. Nanociliates (< 20 pm) were present (0 to 4.9 X 103 cells I-', mean 8.1 X 102 cells 1 -l ) in all enclosures. The number of heterotrophic dinoflagellates in the mesocosms was < 1 ind. 1-' throughout the experiment.
Predator-prey-like oscillations between HNF and CIL, as well as between PNF and CIL, were observed in all enclosures, fluctuating with a lag of ca 1 wk (Fig.  3) . The frequencies of the oscillations between BPROD and HNF, HNF and CIL, and PNF and CIL were similar in all enclosures irrespective of the manipulations.
Carbon flow in Enclosure 1
The carbon budget, constructed for Enclosure 1, was divided into 4 phases according to the manipulation periods (Table 1 ). The microbial succession in the enclosure was consistent with the phases: during Period I, BPROD and CIL abundance peaked whereas HNF abundance was at a minimum (Fig. 3 , Enclosure 1). The converse was true for Period 11. Period I11 exhibited a declining HNF community but an increase in BPROD and CIL abundance, and Period IV was characterized by a small and declining HNF community and a declining BPROD rate, but also by a second CIL peak consisting of larger species. During all penods, the PCYA community showed increased growth.
Addition of inorganic nutrients enhanced phytoplankton production in the enclosure. Apparent net production increased from 195 to 1175 pg C 1-' perduring their exponential growth phase in Period I1 iod-' during the experiment. (Fig. 4) , when grazing by HNF alone slightly exceeded Autotrophic picoplanktonic biomass doubled during the calculated total bacterial loss. The high flagellate the experiment (Fig. 4) . Most of the increase was due to clearance rate of Period IV was probably due to larger PCYA, which formed ca 75 to 85 % of the autotrophic flagellate size and the adaptation of the HNF commupicoplankton biomass. During the first 2 manipulation nity to the lower water temperatures. Grazing by CIL periods PCYA accounted for 11 and 18 % of the total accounted for 0 to 39 % of the bacterial loss. During the primary production, but only 0.3and 2% duringperiods concomitant decline in the HNF community and 111 and IV (Fig. 4) . The integrated PCYA production was increase in the CIL community (Period 111, Fig. 3 ), bacnearly 3 times its biomass during Periods I and I1 (Fig. 4) , but after the decline in water temperature (Fig. 1) produc- 
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tion dropped to between 25 and 100% of the biomass (Fig. 4) . PCYA loss rates balanced production during all periods. Grazing by HNF contributed to more than one-third of their loss, and in fact during the HNF maximum they were responsible for all of the PCYA loss (Fig. 4) . During Periods I1 and 111, HNF grazing on PCYA, estimated by the
total loss of PCYA by 10 to 15 pg C 1-' period-' (Fig. 4 ) . Bacteria dominated the picoplankton (95 to 115 pg C 1-') in the enclosure, constituting 80 to 90% of the C +90 total picoplankton biomass (Fig. 4) . C -70 During Period I, bacterial production was 1.5 times greater than primary production, but had declined to 45, 15
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and 21 % of the primary production during Periods 11, I11 and IV, respectively. Integrated bacterial production (140 to 295 pg C 1-' period-') was 1.5 L 10 to 2.6 times the standing stock (Fig. 4) . Unlike PCYA production, bacterial production was not affected by changes in water temperature. Bacterial carbon production remained fairly whereas PCYA production decreased to one-fifth after the temperature drop (see Fig. 1 ).
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Bacterial production and loss rates were balanced throughout the experiment (Fig. 4) , only during Period I was C +295
C -265 the loss rate exceeded by production. The fate of bacterial carbon varied considerably during the experiment terial grazing by ciliates increased to 70% of HNF The microbial biomass was dominated by ciliates grazing (Fig. 4) . Large ciliates probably did not graze throughout the experiment (Fig. 4) . Their net biomass on bacteria, since during the second peak (Period IV), change was +90 and +295 pg C 1-' period-' during which consisted of larger species, carbon flow from Periods I and 111, but became negative during Periods I1 bacteria to ciliates was negligible (Fig. 4) . and IV (Fig. 4) . Grazing on BACT and HNF could meet Mixotrophic algae of the genera Pseudopedinella, 22 and 78 % of ciliate net production during the growth Pedinella, Chrysochrom ulina, Pavlova and Prymneperiods. sium were present in Enclosure 1. Their numbers were less than 102 cells ml-', except for a peak of pedinellids on Days 8 to 15 with a maximum on Day 11 (3.7 X DISCUSSION 103 cells ml-' of Pseudopedinella sp., 1.2 X lo3 cells rnl-' of Pedinella sp.). The pedinellid maximum Enclosure dynamics occurred at the time of the third grazing experiment (see Kuuppo-Leinikki 1990) .
At the start of the enclosure experiment, chl a conOther loss processes, e.g. sedmentation, autolysis, centration was low, typical for the Tvarminne area durlysis induced by bacteriophages, and grazing by mesoing summer, when regenerated production prevails in zooplankton, accounted for 0 to 60% of total bacterial the pelagial (e.g. Niemi 1975 , Lignell 1990 ). Autoloss in Enclosure 1 (Fig. 4) . The importance of other trophic picoplankton numbers were low in comparison loss processes was highest during Periods I and IV, to the normally oligotrophic midsummer situation when the size of the HNF assemblage was at a mini- (Kuosa 1991b ), whereas bacterial cell numbers and mum.
production rates were exceptionally high, resembling The biomass of PNF (20 to 90 pg C 1-' period-') was the situation during the post-bloom period in spring 1.7 to 6.5 times higher than the biomass of autotrophic (Ertaner, 198.5, Kuparine~l 1987 . This unusual picoplankton (Fig. 4) .
circumstance, as well as the existence of freshwater The HNF biomass (30 to 80 pg C 1-') was of the same species in both phytoplankton and zooplankton comorder of magnitude as PNF biomass (Fig. 4) . Their biomunities, was probably a result of freshwater outflow mass was lowest during Period I and highest during to the coastal area. Period 111. Production exceeded the standing stock Daily additions of inorganic N and P led, as (100 and 150 pg C 1-' period-' during Periods I and 11, expected, to an increase in both phytoplankton prorespectively) when water temperature was ca 20°C, duction and biomass. The timing of the manipulation, but rates decreased with the temperature drop. During specifically in relation to the succession of the commuPeriod IV, HNF production was only 33 % of the bionity, directed its response to each treatment. mass. During their exponential growth phase in Period
The community of picoplanktonic eukaryotes, espe-11, (Fig. 4) , flagellate production was 75% of bacterial cially cyanobacteria, showed a different development production.
from that of the total phytoplankton biomass, in addi-HNF derived 70 to 295 pg C 1-' period-' from graztion the PCYA in the control enclosure had a succesing on picoplanktonic prokaryotes (Fig. 4) . During sion comparable to that in the manipulated enclosures. Period IV, grazing on BACT exceeded the flagellate This was very likely due to the different control mechcarbon need by almost 5-fold (Fig. 4) . Carbon flow anism of PEUC and PCYA compared to that of the from BACT to HNF exceeded the total bacterial loss by nano-sized and larger phytoplankton: PCYA were not 9 % and PCYA loss by 25 % during Period I1 (Fig. 4) .
limited by inorganic nutrients in the mesocosms (Wehr The proportion of PCYA in the carbon flow from 1989, Kuosa 1991a) or controlled by mesozooplankton prokaryotes to HNF was between 2 and 21 %, being (Johnson et al. 1982 , Iturriaga & Mitchell 1986 . Rather, highest during the growth of the HNF community, and their production seemed to be, controlled, at least declining together with the decline of PCYA producpartly, by water temperature, and their biomass by tion.
protozoan grazers (e.g. Iturriaga & Mitchell 1986, RasThe HNF loss rates varied from 30 to 135 pg C 1- ' soulzadegan et al. 1988 ' soulzadegan et al. , Kuosa 1991b ). The enormous period-', slightly exceeding production rates [except increase in cell numbers of autotrophic picoplankton in during Period I1 (Fig. 4) , even though loss rates were Enclosure 4 during Period IV could have been an indiexceptionally high during this intensive growth rect effect of changes hgher up in the food chain, e.g. period]. Ciliates were responsible for 0 to 4 % of HNF increased predation on protozoa in this particular loss; however, during the peak of small ciliates (Period enclosure (e.g. by the rotatorian Synchaeta cecilia, I, Fig. 3 ), 45% of HNF loss was due to CIL grazing data not shown). (Fig. 4) . HNF biomass decreased with the decline in
In the northern Baltic Sea, during late summerproduction.
autumn, bacterial production is limited by organic car-bon, and/or inorganic nutrients (Autio et al. 1988 , Autio 1990 , Kuparinen & Heinanen 1993 . In this study the nutrient manipulations enhanced bacterial production. It is probable that the nutrient additions alone could not stimulate bacterial production in the manipulated enclosures, but that the increased amount of labile organic compounds, released from the increased phytoplankton biomass and the sloppy feeding of herbivorous zooplankton (e.g. Lampert 1978) , provided an additional carbon supply for the bacteria, thus enhancing bacterial production concomitantly with the nutrient additions. The HNF community responded immediately to the increased bacterial production rate by an increase in biomass. This, in turn, led to a rapid topdown regulation by the grazers of bacterial production rates in the enclosures, perhaps because larger amounts of dividing bacterial cells could be harvested (Sherr et al. 1992) , which led to a decline in bacterial production and kept the bacterial standing stock down to a maximum at ca 10' cells ml-' (Fig. 3) . The decline in grazing pressure by HNF allowed the bacterial production rate to increase again. Since total phytoplankton biomass remained high, it is not likely that the concentration of bacterial substrates decreased in the enclosures during the experiment. It is quite conceivable that the bacterial population shifted from bottomup control (organic carbon and nutrient deficiency) to top-down control (grazing) during the succession in the mesocosms. Oscillations in HNF abundance were coupled most closely with bacterial production; the coupling with bacterial cell numbers was not so obvious. It has been shown that HNF graze bacteria by selecting the larger elongated and dividing cells (Andersson et al. 1986 , Gonzales et al. 1990 , Kuuppo-Leinikki 1990 , Sherr et al. 1992 , which probably form the productive part of the bacterial standing stock, the bulk of the bacterial biomass being too small for the grazing protozoans.
Coupled oscillations between bacteria, nanoflagellates and ciliates, which are characteristic of microbial communities both in natural environments (Andersen & Ssrensen 1986 , Lucas et al. 1987 , as well as under experimental conditions (e.g. Bjerrnsen et al. 1988) . were detected in all enclosures with a 5 to 7 d lag, which corresponds to the lag periods reported in the literature (e.g. Andersen & Ssrensen 1986). Short-term changes in nutrient loading or top-predator presence did not distort the coupled oscillations. However, in the control enclosure, bacterial production rate did not form a second maximum, as it did in the manipulated enclosures, thereby dampening the coupled oscillations. It seems probable that, in the enclosures, only the second bacterial production peak was affected by the manipulations.
Although the HNF clearance rates of PCYA equalled those of bacteria (Table 2) , coupled oscillations between PCYA and HNF could not be detected in the enclosures. Since PCYA cell numbers were unusually low in the experiment (Kuosa 1991b) , it is possible that the PCYA community remained at the grazing threshold due to the protozoa being able to immediately use any increased production.
The coupling between small ciliates and both phototrophic and heterotrophic nanoflagellates indicates that flagellates constituted a food source for planktonic ciliates in the enclosures. Such a close coupling could not, however, be seen in the carbon budget: at most only 43 % of HNF carbon was channelled to CIL, and the ciliates could not sustain their growth on HNF alone. Instead of representing a pure predator-prey relationship, the tight numeric coupling of the bacteria-nanoflagellate-ciliate linkage (e.g. Rassoulzadegan & Sheldon 1986, Bernard & Rassoulzadegan 1990 , Weisse 1990 , Weisse & Scheffel-Moser 1991 could be a consequence of different controlling and limiting factors acting simultaneously.
The manipulated enclosures deviated from the control unit by having higher cell numbers and a more intensive overall fluctuation of the parameters. Larger phytoplankton were directly limited by inorganic nutrients (bottom-up control) and controlled by herbivores. The effect of manipulations with nutrients at the bottom of the food web or with fish at the top of the food web were dampened before reaching the microbial loop (see , which, on the whole, seemed to be well buffered against these rapidly fluctuating disturbances and increasing eutrophication, keeping its intrinsic cycles unchanged. Structural changes in the structure within the microbial communities probably altered the flow of carbon through the microbial food web.
Carbon budget
Picoplanktonic cyanobacterial loss
The addition of inorganic nutrients caused eutrophication of the pelagic community in the enclosures. During Periods I and 11, the PCYA contribution to the total primary production was low (11 to 18%), resembling the situation during the spring bloom (Kuosa 1990a) , and with the increasing primary production the importance of PCYA as primary producers became even more negligible. This was also a n indication of the eutrophication of the system. Furthermore, the ratios of PCYA and PEUC were close to those estimated by Kuosa (1991a) during summer in the Tvarminne area. PCYA cell production was more clearly suppressed by lower water temperatures than bacterial thymidine incorporation.
In Enclosure 1 loss rates of PCYA paralleled cell production, although exceeding it slightly. HNF were responsible for 30 to 100% of the PCYA loss, which is in agreement with studies done in both freshwater (e.g. Nagata 1988 , Weisse 1988 ) and marine (Hagstrom et al. 1988 , Caron et al. 1991 , Kuosa 1991a ecosystems. HNF grazed 20 to 37 % of the PCYA community daily at higher water temperatures (Periods I and 11), and 2 to 10 % at lower temperatures (Periods 111 and IV), which is within the range found in the Tvarminne area (Kuosa 1991a) . Caron et al. (1991) reported total daily loss rates of 22 to 54% of the PCYA biomass in a coastal marine ecosystem. In our study, daily loss varied from 5 to 63 % of this biomass. PCYA comprised 1.4 to 32 % of the total picoplankton consumed by HNF per day, which is similar to the results of Caron et al. (1991) . Kuosa (1991b) estimated that during summer, of the picoplankton carbon entering the HNF community, almost 60 % comes from PCYA, and that in autumn the percentage increases to over 7 0. In this mesocosm experiment, only 2 to 21 ' X of the prokaryotic picoplanktonic carbon entering the HNF pool came from PCYA. T h s difference was a direct consequence of the eutrophied situation in the mesocosms, whereas the estimates of Kuosa (1991b) were from an oligotrophic plankton community in which the cell numbers of picoplanktonic cyanobacteria exceed 106 ml-' and their contribution to primary production exceed 50 % (Kuosa 1990a) .
Even if the size fractionation technique tends to underestimate the grazing rates of HNF (KuuppoLeinikki & Kuosa 1990), our estimates of HNF grazing exceeded the total loss of PCYA during Periods I1 and 111 (by 1.3-and 2.3-fold, respectively), and of BACT during Period 11. However, these discrepancies did not affect the general outline of the carbon budget.
Bacterial loss
Bacteria always comprised the major proportion of the picoplankton biomass in the enclosures. The heterotrophic planktonic community shifted to an autotrophic one during Period 11, when primary production exceeded bacterial production. During Period I a considerable portion of the bacterial carbon had to be allochthonous.
Even if there was a constant increase in primary production during the experiment, bacterial biomass and production were quite stable. The conversion factor (2.64 X 10'' cells mol-' thymidine incorporated) used in this study was taken from the higher end of the spectrum of estimates from the Baltic Sea (Kuparinen & Kuosa 1993 ). If bacterial production had been calculated using the mean conversion factor given by Kuparinen & Kuosa (1993) for the Baltic Sea (1.5 X 10" cells mol-l), it would have met the needs of protozoan grazing only during Period I, and equalled primary production. Bacterial loss exceeded production most of the time, which was probably an artificial enclosure effect. In this experiment bacterial biomass was mainly exported through HNF grazing. This confirms the role of heterotrophic nanoflagellates as the principal grazers of bacterioplankton in aquatic ecosystems (e.g. Porter et al. 1985 , Wikner & Hagstrom 1988 , Sanders et al. 1989 , Bennett et al. 1990 , Weisse 1990 , Weisse & Scheffel-Moser 1991 .
Short-term changes in bacterial loss routes were most likely a consequence of the coupled oscillations between bacteria and protozoa. When the HNF community was small, other factors accounted for the main bacterial loss (Period I; see Christoffersen et al. 1990 ). In addition, the drastic decline in water temperature had a direct negative effect on the clearance rates of HNF (Period 111, Table 1 ; Caron et al. 1986 , Marrase et al. 1992 .
Even if small ciliates can be effective grazers of bacterioplankton, especially the larger size-classes (Gast 1985 , Rivier et al. 1985 , Albright et al. 1987 , Sherr & Sherr 1987 , Sherr et al. 1989 , Epstein & Shiaris 1992 , Simek & Straskrabova 1992 , ciliate bacterivory never exceeded 40 % of the total bacterial loss. During Period IV ciliate grazing on bacteria approached zero. This was most probably a result of the change in the mesocosm ciliate community. Small ciliates, which are known to ingest bacteria, other picoplankton and small flagellates , Bernard & Rassoulzadegan 1990 , were abundant during the first ciliate peak, whereas larger ciliates favouring larger food , Kuosa 1990b ) formed the later, lower peak at the end of the experiment (Periods 111 and IV).
Other loss processes explained 43 and 60% of the bacterial loss during Periods I and IV when HNF were at a minimum. Bactenvory by mixotrophic flagellates (Sanders & Porter 1988 , Sanders et al. 1989 , Epstein & Shiaris 1992) was a potential bacterial loss process during Period 111, when mixotrophic pedinellids were at a maximum in Enclosure 1. Potential grazing by mixotrophs could not be distinguished from grazing by true phagotrophs with the fractionation technique used in the grazing experiments. The mixotrophic flagellates (diam. ca 5 pm) were small enough to pass through the < 5 pm Nuclepore filter. The grazing impact by mixotrophs was thus included in both the 'HNF grazing' and 'CIL grazing' parts of the calculated carbon budget. However, on the basis of clearance rates (Table 2) , the rnixotroph contribution was not significant. Bacterivorous crustaceans (Christoffersen et al. 1990 , Wylie & Currie 1991 , Vague & Pace 1992 could have been important during Period 111 in the enclosure. The cladoceran Daphnia cucullata was present at densities from 3.8 X 10' to 3.8 X 103 cells m-3, and could have been responsible for most of the bacterial loss attributed to 'others' during Period 111.
The role of bacteriophages (Proctor & Fuhrman 1990 ) can only be speculated on in this study. The first study that included viruses in the carbon budget (Bratbak et al. 1992 ) emphasized the role of viral lysis as a loss vector for bacterioplankton. They estimated that viral lysis removed 72% of the bacterial standing stock per day in experimental enclosures. If viruses were responsible for all the bacterial losses in our study, their maximal contribution could have been 60% of the bacterial standing stock per day.
Heterotrophic nanoflagellates
Kuosa & Kivi (1989) estimated that HNF could obtain only half of their carbon requirement from bacteria. In this study, the major carbon source for HNF varied considerably: with a growth efficiency of 40 % (Fenchel 1982a) , grazing on prokaryotic prey could have satisfied 27% of the HNF carbon demand during Period I, and 52 to 78% of the carbon demand during the flagellate maximum (Fig. 4 , values in parentheses). During the exponential growth phase of HNF (Period 11), estimated flagellate grazing exceeded the total loss of BACT and PCYA. Even if the total picoplankton loss equalled HNF grazing, grazing on picoplankton would still have satisfied only 70% of the HNF carbon need. During Period IV, grazing on bacteria exceeded the flagellate carbon need 4.7-fold and was almost twice the HNF biomass, yet there was no increase in HNF biomass at this time. It is possible that the mean cell size of the HNF community in the mesocosm increased considerably during Period IV, but in the calculated carbon budget only one value for cell volume was used during each period. Most likely, the discrepancies between HNF carbon need and supply are due to the HNF growth efficiency used in calculating the budget (40% ; Fenchel 1982a) . The gross growth efficiency of the flagellate community estimated in the < 5 pm filtrate varied from 105 and 39% in the first half of the experiment to 0.6 and 3 % in the latter half of the experiment (Kuuppo-Leinikki 1990). Considering these values indicative of the growth efficiency of the total HNF community, the high respiration rate during Period IV would explain the fate of carbon entering the HNF pool from bacterial grazing.
To fulfil1 their carbon requirements, HNF must have used other sources of nutrition, most likely eukaryotic algae (e.g. Parslow et al. 1986 , Suttle et al. 1986 , Kuosa 1990b , Sherr et al. 1991 ). Since we did not estimate protozoan grazing on PEUC, the carbon flux model is imperfect in this respect. In addition, high molecular organic compounds (Sherr 1988 , Marchant & Scott 1993 , or detritus may have served as an extra carbon source for HNF.
HNF-ciliate linkage
In general, HNF cell production developed in parallel with HNF losses (Fig.4) . Despite the close coupling of HNF and CIL communities, grazing by ciliates contributed at most 43 % to the HNF loss in the enclosure, decreasing to zero during the latter half of the experiment. Most of the HNF biomass was probably transported directly to higher trophic levels by crustaceans , copepod nauplii and rotifers (e.g. reviewed by Stoecker & Capuzzo 1990). The estimates of carbon flow from HNF to CIL in the budget are conservative during the latter half of the mesocosm experiment, since they are based on 100 pm batch culture incubations, in which larger ciliates were not as numerous as in the enclosure. Bacteria were nearly as important a food source for CIL as were the HNF in terms of carbon. Because BACT and HNF together could satisfy only a small fraction of ciliate carbon needs, other carbon sources, such as picoplanktonic autotrophs and nanophytoplankton (e.g. Rassoulzadegan et al. 1988 , Bernard & Rassoulzadegan 1990 , Kuosa 1990b ), or rnixotrophy (functional chloroplasts; e.g. Stoecker et al. 1987) , were probably more important.
